Alkali metal atoms (Li, Na, K, Rb, Cs), dimers and (2×2) monolayers on a graphite (0001) surface have been studied using density functional theory, pseudopotentials, and a periodic substrate. The adatoms bind at the hollow site (graphite hexagon), with Li lying closest to (1.84Å) and Cs farthest The formation (cohesion) energies of (2×2) monolayers range between 0.55-0.81 eV, where K has the largest value, and increased coverage weakens the adsorbate-substrate interaction (decoupling) while a two-dimensional metallic film is formed. Analysis of the charge density redistribution upon adsorption shows that the alkali metal adatoms donate a charge of 0.4 − 0.5e to graphite, and the corresponding values for (2×2) monolayers are ∼ 0.1e per atom. The transferred charge resides mostly in the π-bands (atomic p z -orbitals) of the outermost graphene layer.
I. INTRODUCTION
The adsorption of alkali metals on a graphite surface (highly oriented pyrolytic graphite, HOPG) is widely studied for several reasons. Firstly, adsorbed alkali metal adatoms (dispersed phase) have shown a substantial activity in gasification reactions (catalysis), 1,2,3 and improved hydrogen physisorption on graphitic hosts (HOPG, carbon nanotubes) has been suggested. 4 Secondly, alkali metal monolayers (MLs) exhibit interesting metallic properties as they appear as nearly ideal two-dimensional (2D) quantum wells, in which the metal valence electrons are confined and form discrete quantum well states. 5, 6, 7, 8 Thirdly, most alkali metal adatoms intercalate readily between graphene (GR) layers, and technological applications of lithium-graphite intercalation compounds have been introduced as rechargeable solid-state Li-ion batteries. 9, 10, 11, 12 Alkali metals show intriguing structural phase transitions on HOPG, and -despite the similarities in their electronic structure -they exhibit different properties as the adsorbate coverage is increased. A common feature is the formation at low densities of a dispersed and highly polarized phase with a maximal adatom-adatom distance ("correlated liquid").
As the adatom coverage is increased a critical density is obtained, after which a nucleation to more closely packed configurations (islands) occurs. 13, 14 The differences between alkali metals arise in the island formation: Li, for example, forms incommensurate hexagonally close-packed islands on HOPG (provided that it does not intercalate via defects), while K follows a (2×2) construction. The larger alkali metals (Rb and Cs) have been observed to form (2×2) overlayers, and ( √ 3 × √ 3)R30
• , rotated incommensurate hexagonal (2×2) * as well as ( √ 7 × √ 7)R19
• phases have been reported for Cs. 14, 15, 16 Sodium is unusual, because its growth scheme changes at 110 K from layer-by-layer to three-dimensional (3D) clustering, and 3ML thick bcc(110) microcrystals with slightly buckled surfaces have been observed.
5,7
Unlike the other alkali metals, Na also does not form stage 1 intercalation compounds. Only stage 8 compounds have been reported.
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The fundamental question of the alkali-HOPG systems concerns the nature of the adsorbate-substrate interaction. It is widely held that the alkali metal donates charge to the substrate π-bands, which dominate the electronic band structure near the Fermi energy (semimetal), 18, 19, 20 We report here a systematic density functional study of alkali metal (Li, Na, K, Rb, Cs) adatoms, dimers, and (2×2) monolayers on HOPG. The calculations have been performed using a periodic "slab model" that mimics the real HOPG surface and its electronic band structure, and we use an extensive basis set to describe the subtle adsorbate-substrate interaction accurately. Although other theoretical studies on Li, Na, and K adatoms have been published, 26,29 our work fills a gap in the theoretical description of alkali metal-HOPG systems. This is a natural extension to our previous study of Na adatoms and clusters on HOPG, where the experimentally observed clustering behavior of Na adatoms was reproduced. 27 By applying the same simulation approach to the all alkali metal atoms, we can point out differences between them and seek possible explanations. We report the optimized geometries, energetics, and charge transfer of the alkali-HOPG systems, and provide visualizations of the charge density redistribution (difference) and electron localization function in order to shed light on the adsorbate-substrate interaction. We also discuss the peculiar adsorption properties of Na that appear to be related to its atomic radius and ionization potential.
II. SIMULATION METHODS
The calculations were performed using the Car-Parrinello molecular dynamics program,
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which is based on density functional theory (DFT). The electron-ion interaction is described by nonlocal, norm-conserving, and separable pseudopotentials of the form suggested by
Troullier and Martins. 32 For Li and Na, only the 2s/3s valence electron is treated explicitly, while for K, Rb, and Cs we include the semi-core (p-shell) electrons. The program uses periodic boundary conditions and a plane wave basis with a kinetic energy cutoff of 70 Ry.
The generalized gradient-corrected approximation of Perdew, Burke and Ernzerhof (PBE) is adopted for the exchange-correlation energy E xc . 33 The atomic positions are optimized using a quasi-Newton approach (BFGS method) 34 until all Cartesian components of the nuclear gradients are below 1×10 −4 atomic units. The electronic Hamiltonian is rediagonalized after each optimization step using the Lanczos method, and a finite temperature functional (T = 1000 K) by Alavi et al. 35 is used for the Kohn-Sham (KS) single-particle state occupancies.
This reflects the small energy gap (band gap) between the occupied and unoccupied states of graphite.
The substrate is modeled as a periodic slab of three graphene layers with a stacking ABA (Bernal graphite), and it comprises 96 fixed C atoms (32 in each layer). Our previous experience has shown that three GR layers are needed in order to obtain converged results for the alkali atom adsorption if a substantial charge transfer to the substrate occurs.
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The nearest-neighbor C-C distance is 1.421Å, and the interplanar distance is fixed to the experimental value of 3.354Å, since the PBE functional used does not describe weak dispersion forces well. 36 The model is similar to that used in our earlier work, 27 except that the supercell symmetry is hexagonal, not orthorhombic. This is a natural choice for graphite, and it enables us to use fewer k-points in the simulations. Earlier benchmark tests with an orthorhombic supercell indicated that a 2×2×1 Monkhorst-Pack k-point mesh 37 is needed to converge the atomic forces, and a 5×5×1 mesh is required for the energies. 27 For the hexagonal supercell symmetry, a 2×2×1 mesh is adequate for both forces and energy. The lateral dimension of the hexagonal supercell is 9.84Å, and the perpendicular box size varies between 16.7 − 20.7Å, depending on the adsorbate (the distance between the replicated slabs is 10 − 14Å). The maximum lateral separation of the repeated adsorbates is 9.84Å, and the configuration referred to as a separated adatom corresponds to a (4×4) monolayers.
The effect of the substrate relaxation has been tested in the case of Li adatom by releasing either (a) the six nearest C atoms when Li is above the hollow site (in the middle of a graphite hexagon) or (b) the four nearest C atoms when Li is above the α-site (above a C atom). In the former case, the adatom rises 0.01Å, and the C atoms move by 0.04Å. The total energy of the relaxed system is only 0.006 eV lower than for the fixed substrate. In the latter case, Li is lowered by 0.04Å as the C atoms move 0.01-0.04Å, and the total energy is reduced by 0.01 eV. The changes will be even less in the other alkali metals, where the binding is weaker.
Our previous investigations of Na-HOPG systems 27 indicated that one must use an exten-sive plane wave basis set in order to describe the subtle charge transfer and redistribution.
We showed that the reduction in the cutoff from 70 Ry to 50 Ry led to a 33% (0.17 eV)
weaker binding for Na and 7.8% (0.19Å) larger distance from the surface. 41 suggests that PBE slightly overbinds systems with pure cation/π interaction. We note, however, that the interaction in alkali-benzene systems differs from that on HOPG.
III. RESULTS
The results for the alkali metal adatoms, dimers, and (2×2) monolayers on HOPG are presented in Table I . The formation (cohesion) energy (∆E), defined as the energy difference between the system and its constituents (separated metal atoms and substrate), comprises the adsorption energy (∆E ⊥ ) and the binding energy (E b ) of a separated adsorbate (per atom). The potential energy surface of a single alkali adatom (Li, Na, K, Rb, Cs) has been mapped by optimizing the distance from the graphite (0001) surface at four locations:
above the hollow site (hexagon center), above the α and β sites (carbons), and above the bridge site (C-C bond). For each alkali adatom, the hollow site is favored energetically, and the optimal diffusion path from one minimum to another one is via the bridge site. The corresponding diffusion barrier height E dif f is significantly larger for Li than for the other alkali metals (0.02 − 0.06 eV, see Table I ). 42 These results agree with the findings of Lamoen and Persson, who obtained a maximum variation of 0.05 eV for the K adsorption at different locations. 3 The preference of alkali metals for the hollow site is well known. 21, 23, 25, 26, 43 Fig . 1 shows the formation and adsorption energies (∆E and ∆E ⊥ ) as well as the separation from the surface (d ⊥ ) for alkali metal adatoms and (2×2) monolayers (see also Table I ).
In the case of adatoms, the adsorbate binding energy is negligible, and the adsorption energy is equal to the formation energy. The ∆E values of Li and Na differ, since Li binds relatively strongly to the substrate (1.21 eV), whereas Na has the weakest adsorption ( This is in accordance with the experimentally observed intercalation properties.
An exceptionally weak interaction of Na 2 with HOPG was found in our earlier study, 27 and further calculations of both horizontally and vertically aligned dimers show that the adsorption is also weak for the latter orientation (Table I ). This indicates that Na 2 is almost decoupled from the surface, and the corresponding formation energy (∆E) is similar to that of a single adatom. Alkali metal dimers have two valence electrons and a closedshell electronic structure, and their interaction with HOPG is significantly weaker than for adatoms. Comparison of the dimer bond lengths (R dim ) shows that Li 2 and K 2 elongate (10-15%) upon binding with HOPG, with a smaller effect in Na 2 .
In the case of two K (2×2) overlayers, ∆E ⊥ is approximately one half of the corresponding value for one ML ( Table I ). The separation of the K overlayers is 3.90Å, and the nearest-neighbor distance between K atoms at different layers is 4.85Å (within a layer 4.92Å). The formation energies of 1ML and 2ML systems are similar, and we conclude that K atoms bind with 0.8-1.0 eV on HOPG. The desorption kinetics model by Lou et al. that is fitted to experimental data yields a desorption energy of 1.0 eV.
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Our calculations of alkali metal adsorption are compared with other DFT studies in Table   II . We have included results for Li, Na, and K, but we found no theoretical studies of larger alkali metal atoms on graphite. The range of adatom cohesion energies is 1.10 − 1.68 eV for Li, 0.50 − 0.72 eV for Na, and 0.51 − 1.67 eV for K, and our values are near the lower bound for Li and Na. For K we obtain ∆E that is in the middle of the broad range. Charge transfer between the adsorbate and substrate has been studied by subtracting the calculated electron densities of HOPG and metal layer from that of the whole system.
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Fig . 2 shows the laterally averaged charge density difference (∆ρ ⊥ , z direction) for K, Rb and Cs adatoms and monolayers. In order to obtain reliable ∆ρ ⊥ profiles, we have recalculated the electron densities within a vertically extended simulation box (c=26.71Å).
A significant accumulation below the lowermost graphene layer (GR1) was found for Na in our earlier study (c=18.71Å), 27 and we confirm that this is a finite size effect caused by the dipole-dipole interaction of the periodic systems. 29 Our benchmark calculation show that this undesirable effect of periodicity is reduced as the perpendicular distance between the slabs is increased up to 20Å. Fig. 2 shows that charge is depleted mainly from the adsorbate and accumulated in the vicinity of the topmost graphene layer (GR3). There is also a small accumulation on both sides of the lower graphene layers (GR1 and GR2), and a small depletion within the layers. There are only small qualitative differences between the three largest alkali metals:
the location and width of the charge depletion node (alkali metal) depends on the atomic radius, and K has the most pronounced accumulation above GR3. Within the substrate range, the ∆ρ ⊥ curves are identical. For the (2×2) MLs, the curves resemble closely each other, again, with minor deviations near the adsorbate planes. The ∆ρ ⊥ variations are larger
for MLs compared to adatoms, and the weight of GR2 is slightly enhanced.
A layer-by-layer analysis of the charge transfer in the alkali-HOPG systems is given in Table III . Also shown is the adsorbate-substrate cutoff distance (R cut ), which defines where the charge accumulation chances to depletion above the substrate. This distance is relatively insensitive to the atomic radius of the alkali metal atom, and for adatoms its values range from 1.67Å (Li) to 1.79Å (Cs). The situation changes little for the (2×2) monolayers (Li and Cs 1.48 and 1.63Å, respectively), but there is a systematic shift downwards. The charge transfer is calculated by integrating ∆ρ ⊥ over a range of z-values, and corresponds for a metal adsorbate to the negative node (depletion area) around the alkali metal layer.
With small ionic radii and large ionization potentials (IP), Li and Na donate small amounts of charge (∆q ∼ −0.4e), while the other adatoms show a depletion of ∼ 0.5 electrons.
The charge transfer changes little when the coverage is increased from a (4×4) monolayer (separated adatom) to a (2×2) monolayer. The charge transfer from individual adsorbate atoms then decreases as the alkali coverage increases, in accordance with the calculated adsorption energies (Table I ). The largest change is observed for Na, where ∆q changes from −0.44 to −0.34e (−0.09e per adatom) upon increasing the coverage. This is further evidence of the unusually strong decoupling of Na. Furthermore, inspection of the individual GR layers shows that the largest charge accumulation occurs in the topmost layer (GR3), and the net contribution of the two lower layers (GR1 and GR2) ranges between 29-45%.
The charge density difference (∆ρ) and electron localization function (ELF) 45 of Li (2×2)
ML on HOPG are shown in Fig. 3 . This is not a stable monolayer, as Li tends to form hexagonal incommensurate structures (if it does not intercalate), but it serves to visualize the Li-HOPG interaction. Each Li atom donates charge to the six nearest C atoms [ Fig. 3(a) Fig. 3(c) ] reflects the probability of finding two electrons at the same location, and it ranges from 0 (no localization, blue) to 1 (complete localization, red). A reference value of 0.5 (green color) corresponds to a homogeneous electron gas (metallic bonding), and covalent bonds appear red due to the electron pairing (see C-C bonds). The ELF shows no electron overlap within the Li ML, indicating weak chemical bonding between the Li atoms, and the very low electron density within the Li plane is consistent with the small value of ELF. This is reflected also in the adsorbate-substrate interface, and the lack of electron overlap suggest that there are no Li-C bonds present. However, the ELF contours of the nearest C-C bonds deform towards Li, which can be regarded as a sign of polarization (induction) that is an important component in the cation/π interaction. 40 Finally, charge redistribution results in a 'cap' of localized electron density above each Li atom.
The laterally averaged charge density difference (∆ρ ⊥ ) curves for a separated K adatom, a (2×2) monolayer, and two (2×2) overlayers on HOPG are shown in Fig. 4 . Table III shows that there is a charge transfer from the metal film towards HOPG: ∆q = −0.53e for a separated K atom, −0.50e for K (2×2) ML, and −0.48e for two K (2×2) layers. Decoupling causes visible differences: the charge is depleted from the K adatom, whereas in the cases of (2×2) overlayers depletion is mainly beneath the lower K layer. The curves for 1ML
and 2ML below the adsorbate are almost identical, the charge transfer per K atom in the adsorbate-substrate interface is slightly smaller for 2ML (−0.12e) than for 1ML (−0. 
IV. CONCLUSION
We have made a systematic study of alkali metal atoms, dimers and monolayers on HOPG using a DFT method employing a periodic slab geometry (k-points) and an extensive plane wave basis set. This method enables us to capture the band structure of graphite and model a real substrate, unlike other that use a "cluster model". Our previous experience with Na clusters on HOPG 27 has shown that a large basis set and a substrate of three GR layers are needed in order to describe the details of adsorbate-substrate interaction accurately. The calculations are demanding in terms of both CPU time and memory.
In order to simulate separated adatoms, a (4×4) coverage has been chosen (adatom separation 9.84Å), resulting in a model substrate of 32 C atoms per GR layer (altogether 96 C atoms). This coverage is still far from the "real" dispersed phase with alkali-alkali distances of several nanometers, where the interaction is dominated by the Coulomb interaction with the positively charged adatoms, and we expect a slight shift in the adatom adsorption energies as the coverage is decreased. The same model substrate has been applied for the other adsorbates as well, in order to permit a detailed comparison with the calculated numerical values. The bond lengths of Rb and Cs dimers were too large for the lateral dimension of the simulation box, and they were not considered in this study.
In general, alkali metal adatoms bind at the hollow site of the hexagonal graphite surface with adsorption energies ranging between 0.55 − 1.21 eV. The ordering of binding energies is Li>Cs≥Rb≥K>Na, and the weak binding of Na compared with Li and K has been reported by earlier studies. 26, 29 The mapping of the adatom locations on HOPG shows that Li has a moderate diffusion barrier of 0.21 eV, whereas the larger alkalis are relatively mobile with diffusion barriers of 0.02 − 0.06 eV. The results for the (2×2) monolayers show that the "dispersed" phase is more stable except for Na. This result is particularly important for the larger alkalis (K, Rb, Cs), which form (2×2) MLs as the coverage increases above a certain critical value. 14 The ordering K>Rb>Cs does not conform to the bulk nearest-neighbor distances, where Rb has the closest value of 4.84Å compared with the monolayer value (4.92Å, note the change from 3D to 2D). The low formation energy of Cs may be due to the compressed Cs-Cs bonds, since the bulk nearest-neighbor distance is 5.24Å. Despite the pronounced decoupling from the surface, Na monolayer has a comparable formation energy to the adatom case, which is consistent with the clustering processes found experimentally and theoretically.
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The amount of charge transfer and the nature of the alkali-HOPG interaction have been subjects of debate for many years. Our systematic study of the electron density redistribution upon adsorption (∆ρ ⊥ ) suggests that the charge loss is 0.4 − 0.5e per alkali adatom. analysis, Bader atoms, Voronoi deformation charge). 29 We prefer the simplicity of a method based on ∆ρ ⊥ , which can be used for different alkali metals without adjustable parameters.
The visualizations of the Li and K overlayers shed light to the alkali-HOPG interaction. In the case of two K (2×2) MLs, K forms a metallic film that donates charge to the π-bands of the substrate. The corresponding region of charge depletion is restricted to below the metal layer, and ELF further validates the picture of a decoupled 2D metal (ionic bonding). The situation is slightly different for Li (2×2) ML, as there is a pronounced charge accumulation towards the six nearby C atoms, and the Li atoms appear more localized. This is to be expected, because the Li-Li separation is far from that in bulk (3.04Å). ELF indicates that there is no chemical bonding between the adsorbate and HOPG, but a a trace of polarization can be observed in the nearby C atoms.
Finally, we turn to an obvious question raised by this article: Why does Na bind the weakest among all the alkali metals? The quantum chemical calculations of cation/π complexes by Tsuzuki et al. 40 showed that polarization (induction) and electrostatic interactions are the major sources of attraction, and the polarization dominates binding with Li + and Na + . Furthermore, the polarization energy was estimated to be proportional to R −4 for cation-benzene complexes (R is the separation from the center of the benzene ring). 40 If we study the corresponding d ⊥ values in Table I , we see that the alkali separation is 0.6Å larger for Na than for Li. On the other hand, the slight decrease in IP (5.39 → 5.14 eV) indicates that the cost of transferring charge from the alkali towards HOPG (work function ∼ 4.6 eV)
is not lowered significantly. A similar comparison between Na and K shows a significant drop in IP (0.8 eV), but a small increase in d ⊥ . We expect that K binds more strongly than Na, and the high ionization potential and the relatively large surface separation (atomic radius)
of Na are then responsible for the weak binding on graphite. 
